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Abstract

Context. Pulsars are special objects whose positions can be determined independently from timing, radio interferometric, and Gaia astrometry at sub-milliarcsecond (mas) precision; thus, they provide a unique way to monitor the link between dynamical and kinematic reference frames.

Aims. We aim to assess the orientation consistency between the dynamical reference frames represented by the planetary ephemerides and the kinematic reference frames constructed by Gaia and very long baseline interferometry (VLBI) through pulsar positions.

Methods. We identified 49 pulsars in Gaia Data Release 3 and 62 pulsars with VLBI positions from the PSRπ and MSPSRπ projects and searched for the published timing solutions of these pulsars. We then compared pulsar positions measured by timing, VLBI, and Gaia to estimate the orientation offsets of the ephemeris frames with respect to the Gaia and VLBI reference frames by iterative fitting.

Results. We found orientation offsets of ~10 mas in the DE200 frame with respect to the Gaia and VLBI frame. Our results strongly depend on the subset used in the comparison and they could be biased by underestimated errors in the archival timing data, reflecting the limitation of using the literature timing solutions to determine the frame rotation.

Key words: reference systems / astrometry / pulsars: general / techniques: interferometric / ephemerides


1 Introduction
The celestial reference system provides the basic positioning standard widely used in astrometry, geodesy, and navigation for spacecraft. The International Celestial Reference System (ICRS) was adopted by the International Astronomical Union (IAU) in 1998 as the new fundamental reference system to replace the Fundamental Katalog No. 5 (FK5) system (Feissel & Mignard 1998). According to the latest B3 resolution adopted by the IAU in 20211, the fundamental realization of the ICRS consists of the third realization of the International Celestial Reference Frame (ICRF3; Charlot et al. 2020) constructed using very long baseline interferometry (VLBI) observations and the Gaia celestial reference frame (Gaia-CRF3) based on the Gaia (Early) Data Release 3 (Gaia DR3; Gaia Collaboration 2016, 2023). The ICRS concept is built on the assumption that the Universe does not show a global rotation; such a definition of a nonrotating celestial reference system is purely kinematic. Therefore, ICRF3 and Gaia-CRF3 fall into the category of kinematic celestial reference frames.
On the other hand, observations of Solar System objects can be used to construct an inertial reference system, in which the motions of these objects do not present any acceleration reflected in the rotation of the celestial reference system (Kovalevsky & Seidelmann 2012). In this case, the nonrotation of the celestial reference system is defined dynamically. The dynamical celestial reference frame is mainly materialized by numerical planetary ephemerides, for example, the Jet Propulsion Laboratory's (JPL) planetary and lunar Development Ephemeris (DE) series (Park et al. 2021), the Ephemerides of Planets and the Moon (EPM) at the Institute of Applied Astronomy, Russian Academy of Sciences (Pitjeva & Pitjev 2014), and the INPOP (Intégration Numérique Planétaire de l'Observatoire de Paris) ephemerides from the Paris Observatory (Fienga et al. 2019).
Accurate alignments among celestial reference frames at different wavelengths are important for identifying multiwave-length counterparts (e.g., Tomsick et al. 2021), aligning images at different bands or made by various instruments (e.g., Day et al. 2021), and studying the frequency-dependent relation of the centroid location (e.g., Kovalev et al. 2008, 2017). An accurate alignment between the dynamical and kinematic celestial frames is also required in other applications, for instance, VLBI tracking of the spacecraft in deep space missions (Yang et al. 2022).
The alignment of the dynamical frames based on the numerical ephemerides for the inner planets onto the ICRS is mainly achieved by VLBI measurements of the planetary spacecraft relative to the nearby extragalactic sources and range measurements (Folkner & Border 2015), for example, the DE series since DE403 (Standish 1995). For the ephemerides of the outer planets, the alignment is carried out by optical observations obtained using various stellar catalogs as the reference catalog, which is less accurate than for those of the inner planets. The first version of DE ephemerides linked to the ICRF1 (Ma et al. 1998) is DE405 (Standish 1998), whose alignment of the inner planet ephemeris system uses the single-baseline VLBI observations of the Magellan spacecraft orbiting Venus and the Phobos spacecraft approaching Mars (Hildebrand et al. 1994; Standish 1995; Folkner et al. 2007). These VLBI observations mostly come from only two baselines, which are the GoldstoneMadrid baseline (nearly in the right ascension direction) and the Goldstone-Australia baseline (toward approximately the midway between right ascension and declination). The newest DE440 and DE441 are tied to ICRF3 with an average accuracy of 0.2 mas (Park et al. 2021) for the inner planets through the very long baseline array (VLBA) measurements of Mars-orbiting satellites (Park et al. 2015) combined with the traditional singlebaseline VLBI observations and ranging data. Other indirect alignments are also used, for instance, by comparison of the Earth orientation parameters between the VLBI and lunar laser ranging (LLR) observations (Folkner et al. 1994).
Pulsars are special point-like objects whose position can be determined independently from pulse timing, VLBI, and Gaia astrometry at sub-milliarcsecond (mas) precision. There are two broad classes of pulsars. The recycled millisecond pulsars are old neutron stars with very short and stable spin periods (≲30ms) and they can be timed precisely, resulting in the timing position measurement with a precision now reaching a few microarc-seconds for the best cases (e.g., Perera et al. 2019). Another class is the young, nonrecycled pulsars with spin periods of approximately 1 s, whose timing position precision is several orders of magnitude worse than that of the millisecond pulsars (Wang et al. 2017).
The timing observations of the pulsars have various applications, for example, searching nanohertz (nHz) gravitational waves (Chen et al. 2021; Goncharov et al. 2021; Antoniadis et al. 2022), testing general relativity (Ding et al. 2021), constructing a pulse-base time standard (Hobbs et al. 2020), measuring the mass of the Solar System planets (Champion et al. 2010), constraining the acceleration of the Solar System (Caballero et al. 2018), and evaluating the errors in Solar System ephemerides (Vallisneri et al. 2020). The introduction of VLBI astrometric data in the timing solution can improve the precision of measurements for parameters such as timing irregularities (Liu et al. 2020a) and increase the detection sensitivity of nHz gravitational waves (Madison et al. 2013). Recently, Clark et al. (2021) used the astrometric data in Gaia Data Release 2 to boost the efficiency of their gamma-ray pulsation search. In these cases, the systematics in the ephemeris reference frames and the potential frame tie issue among these frames may influence the interpretation of the timing solution (Madison et al. 2013; Vallisneri et al. 2020). An assessment of the tie precision among the timing, VLBI, and Gaia frames can therefore help to clarify the error contribution from the misalignment of the celestial reference frames.
Since the Gaia and VLBI positions refer to the kinematic reference frames and the timing positions refer to the dynamical frames, the comparison of these positions of pulsars thus provides a unique way to evaluate the frame tie accuracy between these two kinds of reference frames. For the purpose of the tie between dynamical and kinematic frames, the usage of the pulsar positions has several advantages. Firstly, using pulsar positions can achieve a direct tie between the ephemeris and the extragalactic reference frames (Bartel et al. 1996; Chatterjee et al. 2009). Secondly, pulsar positions are fully independent of the production of the ephemerides; thus, it can serve as an external check on the frame-tie (Fienga et al. 2009, 2011). Thirdly, the relatively uniform sky distribution of the pulsars and the strong geometry of the observed VLBI network may be less sensitive to the systematics along the specific direction when using single baselines and a few targets. Finally, the ongoing and future pulsar timing array (PTA) and VLBI observing campaigns permit regular monitoring of the frame-tie status.
Comparisons between timing and radio interferometric positions date back to the 1980s, for example, in Fomalont et al. (1984) and Bartel et al. (1985). In a recent comparison of timing and VLBI reference frames, Wang et al. (2017) considered not only millisecond pulsars but also young pulsars. They reported that the alignment accuracy between the VLBI and timing frames was mainly limited by uncertainties in the VLBI position (of a few mas). On the other hand, although no pulsar is intrinsically brighter than the limiting magnitude of Gaia (G≃21 mag), the bright companions in the binary pulsar systems can be observed with Gaia astrometry. It would be interesting to check whether the arrival of the Gaia data can, to some extent, contribute to the improvement of the alignment precision between the dynamical and kinematic frames. Jennings et al. (2018) found optical counterparts for 22 binary pulsars in Gaia Data Release 2 (DR2). Antoniadis (2020) also searched for pulsars in the Gaia catalog and reported a list of 41 close astro-metric pairs in Gaia Early Data Release 3, although eight pairs therein were only candidate associations. These samples are sufficiently large to permit an evaluation of the alignment agreement between the Gaia and timing celestial reference frames, which is the main motivation of this work.
We aim to compare the dynamical celestial reference frames constructed by the planetary ephemerides and the kinematic celestial reference frames constructed by VLBI and Gaia through the pulsar positions. Throughout the paper, we use the pulsar name based on their J2000 coordinate. All necessary data and codes to reproduce all the results and figures in this paper are publicly available online2.
2 Materials and methods
2.1 Search for Gaia and VLBI pulsars
Our first step was to search pulsars in the Gaia and VLBI catalogs. The main guideline was to find as many pulsars as possible with astrometric parameters estimated in a uniform and consistent manner. We did not limit our search to millisecond pulsars; instead, we planned to include all the available pulsars in the comparison as was done in Fomalont et al. (1984). Wang et al. (2017) found that the inclusion of young pulsars in addition to millisecond pulsars in the comparison of VLBI and timing positions did not improve their results. Including young pulsars in our analyses can allow us to check if this assertion is also valid for the comparison between Gaia and timing positions.
To look for the Gaia pulsars, we used the same method as described in Antoniadis (2020) but updated their work by using a newer version (version 1.68) of the Australia Telescope National Facility (ATNF) pulsar catalogue (Manchester et al. 2005)3. We found 49 astrometric close pairs, including all identified binary pulsars, except for PSR J1628-3205 in Jennings et al. (2018) and three out of five millisecond radio pulsars in Igoshev & Perets (2019). Astrometric pairs for two pulsars - PSR J1435-6100 and PSR J1955+2908 - were considered the most unlikely true associations (Antoniadis 2021; Jennings et al. 2018). We kept these two pulsars in our Gaia pulsar sample, leaving them to be verified in future studies, but we removed them from the list in the comparison between Gaia and timing positions. We also noticed that PSR J1024-0719 was found to belong to a wide binary (Kaplan et al. 2016; Bassa et al. 2016) for which the orbital period is not known but it is likely to be a few kilo-years. The position of the optical companion as observed by Gaia differs significantly from the position of the pulsar determined by timing, which is validated in our comparison (Sect. 3.1). Including this source would strongly bias the determination of the orientation offset between ephemeris reference frames and Gaia-CRF. This pulsar was excluded from the sample used for comparison of timing versus Gaia.
Table A.1 tabulates the information for all 49 astrometric pairs. The full five astrometric parameters (i.e., position, proper motion, and parallax) are given in Gaia DR3 for all pulsars except for PSR J1546-5302. Since the proper motion was required by the position correction for the reference epoch difference in the next step, this pulsar was excluded in the comparison of celestial reference frames. We note that all the sources used in this work were treated as singular objects in the astrometric solution of Gaia DR3 (Lindegren et al. 2021), while most of the Gaia pulsars are not isolated. As seen in Table A.1 (Col. 9), the orbital periods for the Gaia pulsars, if known, are generally too small compared to the length of the Gaia DR3 data collection window (~1000 days). As a result, we could safely assume that the effect from the orbital motion on the Gaia pulsar position was largely averaged out, as already discussed in Jennings et al. (2018), and hence this would not alter our results much.
For the VLBI pulsar sample, we used the latest data release from the PSRπ project (Deller et al. 2019) and the published solutions for PSR J1012+5307 and PSR J1537+1155 (based on the bootstrap method) in the MSPSRπ project (Ding et al. 2020, 2021), which contains 62 pulsars in total. The five astrometric parameters for these pulsars together with the orbital parameters for two binary pulsars (PSR J1022+1001 and PSR J2145-0750) were derived from the relative astrometric observations (images) made by the VLBA4. Asymmetric uncertainties were assigned to these measurements; we took the largest uncertainty value as the formal uncertainty. Since the positional uncertainty for PSR J1537+1155 given in Ding et al. (2021) did not include the positional errors of the phase calibrators, we inflated the positional uncertainty by considering systematic uncertainties due to both the core shift and the phase referencing error from the out-of-beam calibrator to the in-beam calibrator. We empirically adopted systematics of 0.8 mas from Deller et al. (2019) and Ding et al. (2020) to account for the core shift in each coordinate. To estimate the phase referencing error, from the absolute position uncertainty of all pulsars in the PSRπ sample, we subtracted the uncertainty due to the core shift (i.e., 0.8 mas) and absolute position uncertainty of their out-of-beam calibrators in the RFC2019a solution (the reference catalog used for the absolute astrometric solution in the PSRπ data). The median value was 1.26 mas in right ascension and 0.59 mas in declination; these two values were then used to inflate the positional uncertainty in the corresponding coordinate.
There were only two common pulsars (PSR J0614+2229 and PSR J1012+5307) between the VLBI and Gaia pulsar samples. It is also possible to increase the VLBI pulsar sample size by including solutions published by other authors (e.g., Brisken et al. 2002, 2003; Deller et al. 2009; Chatterjee et al. 2009). We finally decided to only consider the PSRπ and MSPSRπ data for two reasons: (i) a mixture of VLBI solutions from various authors might introduce some additional systematics to the resulting VLBI celestial reference frame, considering that the observation setup and scheduling, treatments of the data, and method for parameter estimation were usually different; and (ii) the PSRπ solution surpassed the previous solutions in terms of accuracy, and the size of the PSRπ and MSPSRπ sample is sufficiently large for a meaningful comparison of the celestial reference frame as required by this work.
2.2 Search for timing solutions in the literature
We noticed that the pulsar positions given in the ATNF pulsar catalog were not always quoted from the timing solutions, and the ephemerides used in the timing solutions were not uniform. Therefore, we collected the published timing solutions for our sample by using the SIMBAD query service5 (Wenger et al. 2000). The ephemerides used in the timing solutions were not explicitly pointed out in some publications; the timing positions therein were not used in this work. For some pulsars, various authors published the timing positions at different epochs referring to the same ephemeris, based on independent or partly shared observations and utilizing identical analysis software packages (e.g., TEMPO2; Hobbs et al. 2006). It was difficult (and even impossible) for us to determine the correlations among these timing positions exactly. Therefore, we assumed that these measurements were independent and we used them all in the following analysis. Finally, we found 283 astrometric timing solutions for 93 pulsars, including 72 for 33 Gaia pulsars and 221 for 62 VLBI pulsars. For most pulsars, only the celestial coordinates were estimated in their timing solutions.
Figure 1 depicts the formal uncertainty of the timing positions quoted directly from the original papers. A declining trend from several hundred milliarcseconds down to a few microarcseconds can be seen. The most popular ephemerides used in the timing solutions were DE200, D405, DE421, DE430, and DE436. We considered these five ephemeris frames as representatives of the dynamical celestial frames for our comparison.
Using a similar method to Antoniadis (2021), we divided the pulsar samples into two subsets, that is, millisecond pulsars (MSPs) and the others (non-MSPs). The MSP sample consisted of both fully and mildly recycled millisecond pulsars distinguished in Antoniadis (2021).
Table 1 displays an overview of the pulsar catalogs, including the sample size and median formal uncertainty for the astrometric parameters. We computed the overall positional precision for each timing solution as
[image: equation](1)
where [image: equation]. We note that the precision of pulsar positions measured by the latest timing observations is close to or even better than those from Gaia. The precision of the VLBI position for pulsars is approximately 1 mas, which is mostly due to the conjunction of the errors in the absolute positions of calibrators, the core-shift and radio structure effect of calibrators, and the bias in the extrapolation of calibrations (Deller et al. 2019). The timing position errors of the MSPs are at least one order of magnitude smaller than those of the non-MSPs, while there is no such discrepancy for these two subsets in the Gaia and VLBI catalogs.
We also wanted to know the best precision of the timing position achieved for individual pulsars. For this purpose, we picked the lowest value of the overall positional precision, denoted [image: equation], from all available timing solutions for each pulsar. We used the median and minimum of [image: equation] as the estimators for the typical and best timing precision for the Gaia and VLBI pulsars, as presented in Table 2. The best timing positional precision is achieved for PSR J0437-4715, which now approaches 5 μas. This pulsar was observed by both Gaia and VLBI (by the Australian Long Baseline Array; Deller et al. 2009), but it was not included in the PSRπ archive because it was at a declination of −47°, which is not visible to the VLB A.
Figure 2 depicts the distribution of pulsar samples on the celestial sphere. For some pulsars that are observed frequently, their positions are referred to different ephemerides (usually published by different authors). A noticeable feature in the lower panel is that the pulsars common to the VLBI sample are all above δ = −30°, which is inherited from the PSRπ sample (Deller et al. 2019).
	[image: thumbnail]	Fig. 1 Formal uncertainty of the timing positions in right ascension (top) and declination (bottom) quoted from the literature as a function of their position epochs. The measurements are distinguished by the reference ephemerides, that is, blue open triangles for DE200, green crosses for DE405, purple open inverted triangles for DE421, yellow open squares for DE430, red open circles for DE436, and black filled circles for other ephemerides.



2.3 The computation and modeling of pulsar positional offsets
We used the Gaia and VLBI positions as a reference and calculated the offsets of the timing position referring to them. The reference epoch of the timing position is always different from those of the Gaia and VLBI positions, although the coordinate epochs are all J2000.0. The position propagation was thus necessary to enable a meaningful comparison of the timing positions with the Gaia and VLBI positions. We used the Gaia and VLBI proper motions to propagate the respective positions from their own reference epochs to those of the timing position, and then we calculated the offsets of the timing position with respect to the new Gaia and VLBI positions. There were two reasons for using the Gaia and VLBI proper motions for propagation in addition to the fact that the proper motion measurement was absent in most timing solutions (see Sect. 4.2.2). One was that the global spin (changing rate of orientation) of the Gaia and VLBI celestial reference frames is known to a certain extent from previous studies (Gaia Collaboration 2018; Liu et al. 2022). The other reason was that the uncertainties in the Gaia and VLBI proper motions are generally smaller than those from timing solutions, leading to smaller formal uncertainty of the resulting positional differences. The formulae for computing the position offset and the associated uncertainty are given as follows:
[image: equation](2)
[image: equation](3)
[image: equation](4)
[image: equation](5)
where Δα* = Δα cos δ and [image: equation]. The subscripts T and R indicate data from the timing and reference (Gaia or VLBI) solutions, respectively.
We modeled the positional offsets as a rigid rotation R = (R1,R2, R3)T in a global sense by
[image: equation](6)
despite that, the cause for differences in pulsar positions measured by timing, Gaia, and VLBI may vary for individual cases (Fomalont et al. 1984). The rotation parameters were estimated by least-squares fitting to all pulsars. For pulsars with multiple-epoch positions, we considered each one as an independent measurement and used them all in the fitting. The position offsets were weighted by the inverse of the square of the combined formal uncertainties. Although the correlations between the right ascension and declination for the Gaia and VLBI positions are available, they were not published with the timing positions in most cases. Therefore, the covariances between right ascension and declination were assumed to be zero for all pulsar positions. This assumption would be dangerous for pulsars near the ecliptic plane because the timing error ellipse, whose major axis is approximately aligned with ecliptic longitude, becomes extremely elongated for pulsars located near the ecliptic plane, making the timing measurements of the right ascension and declination highly correlated for these sources (Hobbs et al. 2006). Therefore, we removed severely affected pulsars, that is, those with ecliptic latitudes less than 5° in an absolute sense.
To cross check our results with those provided by previous studies, we divided our samples into three subsets: all pulsars, MSPs only, and non-MSPs only. Another reason for such a division is that all candidate associations for Gaia pulsars are non-MSPs (Antoniadis 2021). A separate analysis may allow for our results to be less affected by the contamination of foreground or background stars in the Gaia pulsar sample. Noting that our sample size is rather small and the estimation of the rotation parameters could be biased by individual measurements, as reported in Wang et al. (2017), we used an iterative fitting. We computed the normalized position offsets for each measurement before and after the fitting as
[image: equation](7)
[image: equation](8)
where [image: equation] and [image: equation] were computed according to Eq. (6) using the estimates of the rotation parameters. We ruled out the measurement with the largest Xpre,i once and then reestimated the rotation parameters in each iteration. The fitting was repeated until there were two pulsars left in the sample. We considered the median value and the interquartile range divided by a factor of 1.356 of parameters from the iteration solutions as the final estimation and the corresponding uncertainty. The overall reduced chi-squared for all measurements before and after the fitting was calculated as
[image: equation](9)
[image: equation](10)
where Nobs stands for the number of measurements. However, when the number of pulsars was less than five, a single least-squares fitting was performed instead. In the case of the sample with fewer than three pulsars, we did not estimate the rotation parameters.
	[image: thumbnail]	Fig. 2 All-sky distribution of pulsars used in this work in the equatorial coordinate system. Top: pulsars in Gaia DR3. Bottom: pulsars in the PSRπ and MSPSRπ projects. Different marks are used to distinguish pulsars whose timing solutions refer to different ephermerides, that is, blue open triangles for DE200, green open stars for DE405, purple open inverted triangles for DE421, yellow open squares for DE430, and red open circles for DE436. The dotted curves indicate the location of the ecliptic plane.



Table 1 
Overview of pulsar positions measured by timing, VLBI, and Gaia.

Table 2 
Typical ("Med" for median) and best ("Min" for minumin) level of the timing positional precision for pulsars used in this work.

3 Results
3.1 Ephemeris frames versus Gaia-CRF
Figures 3-7 display the differences between the timing and Gaia positions computed using Eqs. (2)-(5). For approximately half of these timing measurements, the positional offsets are less than 100 mas in either right ascension or declination. The MSPs obviously show better agreements between the timing and Gaia positions than the non-MSPs. Offsets greater than 1 arcsec are not shown in these plots; they all come from the non-MSP sample and can be summarized into two cases. The first case is the extremely large offsets accompanied by large timing positional uncertainties. For example, the largest difference between the timing and the Gaia positions is as large as 39 arcsec in declination for PSR J0614+2229 based on the timing solutions from Hobbs et al. (2004) and Liu et al. (2020a). We noticed a large formal uncertainty of 17 arcsec in the declination of these timing positions. Therefore, it was not surprising to see large differences between the timing and Gaia positions of these pulsars.
The second case is that these large offsets of some pulsars only appear in one or a few timing solutions, which are usually based on few early observations. For instance, the timing position of PSR J0857–4424 in the DE200 frame given in D'Amico et al. (1998) yields an offset of −7.7 arcsec in right ascension, while the right ascension offset is less than 0.5 arcsec for the latest timing solution (Parthasarathy et al. 2019). Therefore, the large right ascension difference between Gaia and the DE200 timing position is most likely due to the errors in the timing solution from D'Amico et al. (1998). These offsets exceeding 1 arcsec are unlikely to be related to frame alignment issues; the corresponding measurements were thus not used to determine the rotation parameters between the Gaia and ephermeris frames. We note that these large offsets usually appeared in the early timing solutions, for which DE200 was used as the position reference. This implies that there is an issue that comes with the underlying correlation between improvements in data and analysis quality with time and the ephemerides used, which is subsequently discussed in Sect. 4.2.
Some MSPs were also found to show statistically significant differences between timing and Gaia positions. The timing positions for PSR J1024-0719 differ from the Gaia position by approximately −69 mas in declination, which is significant at 10σ or more. These significant offsets can be expected from the fact that PSR J1024-0719 was in a wide binary system, as explained in Sect. 2.1. There is only a timing solution for PSR J1723-2837 (Crawford et al. 2013), for which a declination offset of more than 300 mas was found (Fig. 4), which is several times greater than the combination of the timing and Gaia uncertainties in declination (110mas and 0.03 mas, respectively). In addition, the DE421 timing solution of PSR J1928+1245 given in Parent et al. (2019) yields positional offsets of 169 ± 1 mas in right ascension and 65 ± 3 mas in declination (Fig. 5). We do not have clear explanations for these significant positional offsets yet, leaving them to be revisited in future studies. However, these offsets were not likely caused by frame misalignment. Therefore, we excluded these timing solutions from the comparison of the ephemeris reference frames against Gaia-CRF.
We removed four pulsars near the ecliptic plane, which are PSR J0337+1715, PSR J0534+2200, PSR J0614+2229, and PSR J2339-0533, and then estimated the rotation parameters. Figure 8 plots the evolution of the estimates of the rotation parameters for the DE200, DE405, and DE421 frames against Gaia-CRF in the iteration process for all pulsars. Since the number of pulsars in the DE430 sample common to Gaia DR3 was relatively small, the rotation parameters of the DE430 frame were estimated via a single least-squares fitting. We did not estimate the orientation offset between the DE436 frame and Gaia-CRF because there were only two pulsars in common. We performed similar analyses to the MSP and non-MSP samples.
Table 3 reports the estimate of rotation parameters between the ephemeris frames and Gaia-CRF. The DE200 frame shows orientation offsets of 10-20 mas referred to Gaia-CRF using samples of all common pulsars and MSPs only when taking the formal uncertainty into consideration. No statistically significant rotation is found for the DE405, DE421, and DE430 frames with respect to Gaia-CRF in almost all subsets, except for R2≃3 mas (>3 σ) of DE421. The solution based on the sample of non-MSPs differs significantly from those of the other two subsets. Comparing the results of using all pulsars and MSPs only, we found that MSPs are dominant in determining the rotation parameters thanks to the small uncertainty as to their timing positions. We also found that inclusion of the non-MSPs into the sample increased the uncertainty of the rotation parameters in several cases.
	[image: thumbnail]	Fig. 3 Positional differences between timing positions in the DE200 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 4 Positional differences between timing positions in the DE405 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 5 Positional differences between timing positions in the DE421 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 6 Positional differences between timing positions in the DE430 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 7 Positional differences between timing positions in the DE436 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



3.2 Ephemeris frames versus VLBI-CRF
The differences between timing and VLBI positions are presented in Figs. 9–13, which mostly fell into the range of −50 mas to 50 mas for MSPs and on the order of a few 100 mas for non-MSPs. These results are consistent with those in Fomalont et al. (1984, 1992) based on the comparison between the Very Large Array (VLA) and timing positions. Similar to the comparison of timing and Gaia positions, we found that for the same non-MSPs, larger positional offsets greater than 1 arcsec seen in some of the timing solutions did not appear in the other solutions. This kind of discrepancy among timing solutions was also observed in one MSP − PSR J1022+1001. For instance, the timing solutions of this pulsar given in Camilo et al. (1996) and Lower et al. (2020) yield declination offsets of 1.3 arcsec and 13 arcsec, respectively, with respect to the VLBI position. We note that this pulsar was right on the ecliptic plane, whose timing positions were not used in the analysis of the frame tie. In addition, the positional difference between the VLBI and timing positions of PSR J2145-0750, which were computed based on the timing solution in Bailes et al. (1994), reaches beyond 400 mas, which is much greater than those computed from the timing solutions of other authors. This timing solution seemed to be problematic and thus it was decided not to use it for the following analysis.
Before the fit, we removed six pulsars that were close to the ecliptic plane within ± 5°, namely, PSR J1022+1001, PSR J0614+2229, PSR J0629+2415, PSR J1257-1027, PSR J1703-1846, and PSR J2346-0609. Figure 14 presents the rotation parameters of the ephemeris frames referred to the VLBI celestial frame, except for the DE436 frame, for which only five pulsars are common to the VLBI sample. The estimates of the rotation parameters generally converge as the fitting iterates. Larger scatters together with postfit reduced [image: equation] less than unity appear at the end of the iteration processes for DE200, DE405, and DE421.
Table 3 reports the estimate of the rotation parameters in the middle panel. The MSP sample suggested orientation offsets of ~10 mas around the Y- and Z-axes of the DE200 frame compared to the VLBI frame, which are confident at >10σ. The orientation of the DE405 frame differs from that of the VLBI frame by approximately 2 mas in all three axes based on all pulsars, but none was significant at 2σ. In addition, we detected a nonzero rotation of approximately −2 mas around the X-axis in the DE436 frame with an uncertainty of 0.7 mas. Similar to the comparison between Gaia and ephemeris frames, the non-MSP sample generally yields inconsistent results with those based on the MSP sample.
Wang et al. (2017) reported that the orientation offsets of the DE405, DE421, and DE436 frames in the X-axis are mainly due to PSR J1012+5307. We tested a removal of this MSP from our sample and reran the fitting. The orientation offset of −2 mas on the X-axis for the DE436 frames was reduced to below 1 mas as expected. However, the new fittings yielded an orientation offset of −1.5 mas on the Y-axis. This experiment suggested that in the case of a few pulsars in the sample, the determination of the orientation offset would be significantly affected by adding or removing individual sources.
	[image: thumbnail]	Fig. 8 Orientation offsets of DE200 (top), DE405 (middle), and DE421 (bottom) frames referred to the Gaia-CRF3 as a function of the number of iterations. The prefit and postfit reduced chi-squared for the whole sample are also plotted with reference to the vertical axis on the right.



3.3 Comparison of parallaxes
There are four pulsars in the Gaia and six in the VLBI samples that have timing parallax measurements published along with the timing positions. Figure B.1 compares the parallax measurements from the timing solutions to those from the Gaia and VLBI catalogs.
When comparing the timing and Gaia parallaxes, we found that more than half of the measurements were consistent within the combined formal uncertainties. For only one measurement did the parallax difference exceed three times the corresponding uncertainty: the parallax for PSR J1012+5307 was estimated to be 0.71 ± 0.17 mas in Desvignes et al. (2016) using DE421, while Gaia DR3 gave an estimate of 1.745 ± 0.291 mas. We note that other parallax measurements for this pulsar agreed with the Gaia result; hence, the deviation is most likely a manifestation of errors in this timing solution. The timing parallax measurements for PSR J1955+2908 tended to be negative. The Gaia counterpart of this pulsar was recognized as an unrelated foreground star in Jennings et al. (2018) and considered as the most likely nongenuine association in Antoniadis (2021). As a result, it is not surprising that the parallaxes derived from the timing and Gaia do not agree with each other.
In the comparison between timing and VLBI parallaxes, more than 54% of timing measurements were consistent with the VLBI measurements within their uncertainties. The parallax difference that is more confident than 99% is found for only one measurement of PSR J1022+1001: 0.72 ± 0.19 mas in Desvignes et al. (2016) referred to DE421 and [image: equation] mas from VLBI. Again, this likely reflects errors in this timing measurement. For PSR J2010-1323 and PSR J1537+1155, the timing parallaxes tend to be smaller than those from VLBI, which may need further investigation but is beyond the scope of this work.
There are two pulsars with parallax measurements from both Gaia and VLBI astrometry. For PSR J1012+5307, the VLBI parallax measurement ([image: equation] mas) is only approximately 69% of the Gaia DR3 measurement (1.75 ± 0.29 mas). We note that the Gaia DR2 parallax of PSR J1012+5307 (1.33 ± 0.41 mas) matched the VLBI measurements well (Ding et al. 2020). It is surprising to see that the discrepancy between the Gaia and VLBI parallax measurements increases when both the precision and accuracy of the Gaia parallaxes improve. For PSR J0614+2229, the Gaia DR3 parallax is negative, although the Gaia proper motion is roughly consistent with the VLBI one. When checking the auxiliary parameter of the Gaia DR3 table for this source, we found strong correlations between the declination and parallax (correlation coefficients of −0.52) and between the declination and declination proper motion (correlation coefficients of −0.66). Since this pulsar is very close to the ecliptic plane, the observed parallactic motion is almost along the ecliptic plane, making it difficult to disentangle the parallactic motion from the proper motion (at least it seems that the Gaia DR3 astrometric solution failed to do so).
3.4 Comparison of proper motions
For the Gaia pulsar sample, we found 11 pulsars with 40 proper motion measurements both in right ascension and declination derived from the timing positions. The comparison between Gaia and timing proper motions is shown in Fig. B.2. We found the proper motion discrepancy to be significant at >3σ for six pulsars in either right ascension or declination. Some of these proper motion discrepancies have already been discussed in Jennings et al. (2018), for example, PSR J1816+4510 and PSR 1302-6350. The proper motion differences between the timing and Gaia measurements for PSR J1955+2908 again support the idea that the Gaia match of this pulsar is not genuine. PSR J1817-3618 only has one timing proper motion measurement (Jankowski et al. 2019), which gives [image: equation] and [image: equation], while the corresponding Gaia values are much smaller: [image: equation] and μδ,G = −6.09 ± 0.11 mas yr−1. There is also one timing solution for PSR J0348+0432 (Antoniadis et al. 2013) for which the significant proper motion difference only occurs in the declination component (μδ,T = 3.44 ± 1.35 mas yr−1 and μδ,G = −0.23 ± 0.89 mas yr−1). The significant proper motion difference for PSR1024-0719 comes from the timing solution given in Toscano et al. (1999), while the recent timing solutions (e.g., Reardon et al. 2021) give more consistent proper motion measurements with that of Gaia DR3.
For the VLBI pulsar sample, we found 55 out of 62 pulsars with 109 timing measurements of proper motion. The timing proper motions were generally consistent with VLBI measurements within the quoted error, as evinced in Fig. B.3. The timing solution for PSR J1022+1001 in Hobbs et al. (2004) yields proper motion differences of −346 mas yr−1 in right ascension and of -906 mas yr−1 in declination, which vanishes in recent timing solutions such as the one published in Reardon et al. (2021). Therefore, these large differences are likely due to errors in the corresponding time solution of Hobbs et al. (2004). PSR J0629+2415 only has two timing solutions as given in Hobbs et al. (2004) and Liu et al. (2020a), and both show proper motion differences in declination of +405 mas yr−1 with respect to the VLBI proper motion. Noting that the quoted uncertainties of the timing proper motion in declination are as large as 300 mas yr−1, we suspect that the large proper motion differences are likely caused by the errors in the timing solutions. Three measurements (for PSR J2145-0750 and PSR J1537+1155) in right ascension and five measurements (for PSR J0406+6138, PSR J1537+1155, PSR 1820-0427, and PSR J2145-0750) in declination showed statistically significant differences. Deller et al. (2016) reported the inconsistency in the proper motion of PSR J2145-0750 measured by the VLBI and timing, which was likely due to errors in the timing model as they concluded.
	[image: thumbnail]	Fig. 9 Positional differences between timing positions in the DE200 frame and the VLBI positions taken from the PSRπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)-(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 10 Positional differences between timing positions in the DE405 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 11 Positional differences between timing positions in the DE421 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 12 Positional differences between timing positions in the DE430 frame and the VLBI positions taken from the PSRπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)-(5), corresponding to a confidence level of 68%.



	[image: thumbnail]	Fig. 13 Positional differences between timing positions in the DE436 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.



Table 3 
Rotation parameters of the ephemeris frames with respect to the Gaia and VLBI celestial reference frames.

4 Discussion
4.1 Comparison with previous results
Standish (1982) claimed that the orientation of the DE200 frame was accurate within approximately 1 mas with respect to the J2000 dynamical frame. Folkner et al. (1994) determined the orientation offset between DE200 and extragalactic frames in 1988 to be approximately −2 ± 2 mas, −12 ± 3 mas, and −6 ± 3 mas on the X-, Y-, and Z-axes, respectively. Our results based on MSPs roughly agree with the results of Folkner et al. (1994). Fienga et al. (2011) used a sample of four MSPs to determine the orientation offsets between three ephemeris frames (DE200, DE405, and DE421) and the ICRF with a precision of ~5 mas. Their results are roughly consistent with those of this work considering the uncertainties in both solutions.
The alignment of the inner planet ephemeris system of DE405 to ICRF1 is performed with an accuracy of 1 mas (Standish 1998; Petit & Luzum 2010). Wang et al. (2017) observed a change of 2.16 ± 0.33 mas in the ecliptic obliquity of the DE405 frame, that is, a rotation around the X-axis. We obtained a similar rotation around the X-axis in the comparison between the DE405 and VLBI frames. However, the rotation was in the opposite direction and statistically insignificant. We also noticed that this rotation largely diminished when combining the Gaia and VLBI samples. Therefore, our results suggest that a misalignment of the DE405 frame is possible, but likely no greater than ~2 mas.
The frame of DE421 was aligned to ICRF1 with an accuracy of 0.25 mas thanks to the VLBI observations of spacecraft in orbit around Mars (Folkner et al. 2009; Petit & Luzum 2010), which is supported by the comparison of DE421 to VLBI in this work. Our results are also consistent with those presented in Wang et al. (2017) within the quoted uncertainties.
The DE430 ephemeris is the first version of the DE series to align onto the ICRF2 (Fey et al. 2015), which is claimed to be precise at 0.2 mas (Folkner et al. 2014). There were only two MSPs in our sample, making the estimate of orientation offsets of the DE430 frame dominated by the timing positional errors of non-MSPs and thus less reliable. The pulsar sample size for DE436 is too small to make a solid conclusion as to the orientation offset.
For the Gaia pulsar samples, the results based on non-MSPs are significantly inconsistent with those based on MSPs. Since many Gaia non-MSPs are only candidate associates waiting for further verification, the errors due to the misidentifications of pulsar companions could be severe, leading to unreliable results. This indicates that removing the candidate associations and relying only on highly secure associations (e.g., MSPs) would be a better approach. We also found that the inclusion of non-MSPs would worsen the alignment precision and lead to unreliable results. Therefore, we can reach a similar conclusion to Wang et al. (2017) that the non-MSPs would contribute little to improving the alignment precision between the ephemeris and the extragalactic frames.
The formal uncertainties of the rotation parameters based on the Gaia pulsars are always at least several times greater than those based on the VLBI pulsars. Therefore, at this moment, VLBI pulsars are preferred for alignment between the ephemeris and extragalactic frames. Several limiting factors when using Gaia pulsars for frame alignment are discussed in Sect. 4.2.
The orientation agreement between Gaia-CKF and ICRF is found to be less than 0.1 mas based on the quasar sample (Liu et al. 2018a,b, Liu et al. 2020b; Charlot et al. 2020). There are only two common pulsars between the Gaia DR3 and PSRr data, so we cannot estimate the orientation offset between Gaia-CKF and ICRF by directly comparing the VLBI and Gaia positions of the pulsar. An indirect assessment can be made by comparing the rotation parameters between the ephemeris frames and the Gaia-CKF with those between the ephemeris frames and the VLBI frame (i.e., the values reported in Table 3). However, none of these results agrees with the results based on the quasar sample. Therefore, the pulsar may not be as suitable for comparison between Gaia-CKF and the VLBI frame as the quasar, a fact already recognized by Deller et al. (2019).
	[image: thumbnail]	Fig. 14 Orientation offsets of DE200 (top left), DE405 (top right), DE421 (bottom left), and DE430 (bottom right) frames referred to the VLBI celestial frame as a function of the number of iterations. The prefit and postfit reduced chi-squared for the whole sample are also plotted with reference to the vertical axis on the right.



4.2 Current defects and limitations
There are several limitations on the current check of the orientation agreement of the ephemeris frames with the Gaia and VLBI reference frames. The reduced chi-squared much larger than one shown in Figs. 8 and 14 suggests that the uncertainty of the computed positional offset must have been severely underestimated. This could be due to several factors: (i) underestimated uncertainties from one or more of the input positions; (ii) underestimated uncertainties for the Gaia and VLBI proper motion used for the propagation between reference epochs; (iii) systematics in the Gaia and VLBI proper motion; and (iv) possible contamination of stars in the Gaia pulsar sample (especially for the non-MSPs). The lack of sufficient common pulsars (for DE436) also makes the estimate of the orientation offset easily affected by individual pulsars.
4.2.1 Limitations of using the published timing solutions
We used the published timing solutions to form our timing catalogs, for which different ephemerides were usually used to compute the pulse times of arrival (TOAs). Due to this fact, we had to divide these timing solutions into several groups based on the ephemerides used, resulting in two shortcomings.
The first is that for older ephemerides, such as DE200, the timing solutions usually come from earlier publications, which would have shorter data spans and narrower bandwidths and adopt less sophisticated data reduction techniques, such as the treatment of dispersion measurement variations and the modeling of red noise (e.g., Parthasarathy et al. 2019). The systematics due to these effects might overwhelm the misalignment of the ephemeris frames and dominate the timing positional differences with respect to the Gaia and VLBI positions, which is more pronounced for non-MSPs. However, it is difficult for us to estimate the implication of these effects on our determination of the orientation offsets between the ephemeris and extragalactic frames.
The second is that the division significantly reduced the size of the input pulsar samples, leaving the estimation of the orientation offsets more vulnerable to errors in the positions of individual pulsars measured by timing, VLBI, or Gaia. Considering these shortcomings, the results given in Table 3 should be used with great caution, especially those based on non-MSPs.
The intercomparisons of results between successive ephemerides cannot effectively reflect the systematics in the ephemeride systems due to the aforementioned shortcomings. A more sophisticated method would be to reanalyze a given timing data set of more precisely timed pulsars, for example, the published TOAs from several pulsar timing arrays such as the International Pulsar Timing Array (Perera et al. 2019), using different ephemerides as was done in Wang et al. (2017). We plan to carry out such a work in the near future. Another method for modeling the systematics in the ephemerides using the timing observations is to add, in the TOA model, the unknowns relating to the deficiencies of the ephemerides, such as the correction to the mass of outer planets (Vallisneri et al. 2020). This method does not need to choose a preferred ephemeris (reference ephemeris) in the comparison among various ephemerides, which is usually assumed to be ideal. However, it should also be noted that the results obtained via this method cannot be directly associated with the misalignment of the ephemeris frames.
To partly overcome the small sample size used in this work, we attempted to combine the Gaia and VLBI samples to form an average extragalactic frame and then we redetermined the orientation offsets of the ephemeris frames with respect to this frame. The results are presented in the lower panel of Table 3. Although the estimates of the rotation parameters were not always consistent with those based on the Gaia or VLBI sample, we obtained a smaller uncertainty for all ephmerides, except for DE200, when using all pulsars or MSPs. This implies that the combination of the Gaia and VLBI pulsars could potentially improve the precision of the pulsar-based frame tie. However, including more non-MSPs would lead to a poorer estimate for frame rotation, which is most likely due to various underestimated errors in the input solutions of Gaia pulsars discussed earlier in this section.
4.2.2 Errors in the proper motion systems
The global spin of Gaia-CRF3 is better than 10 μas yr−1 on each axis (Gaia Collaboration 2018), and it is ten times smaller for ICRF3 (Liu et al. 2022). Considering the difference of ~22 yr between the median epoch of timing positions in the DE200 frame and the reference epoch for the Gaia DR3 position, the orientation bias due to the spin of Gaia-CRF3 is approximately 0.2mas. The bias is reduced to 0.04 mas in comparison with the DE436 frame, which is insignificant compared to the values given in Table 3. For the VLBI frames, this orientation bias is supposed to be ten times smaller than that of Gaia-CRF3 and thus it does not affect the estimation of the rotation parameter much.
On the other hand, the errors in the Gaia and VLBI proper motion could be magnified in the position propagation, resulting in greater positional offsets, especially for the early timing measurements of pulsar positions in the DE200 frame. It is possible to consider using the timing proper motion instead. However, for only a few MSPs with long timing spans is the best precision of the timing proper motion measurements five times smaller than that of the Gaia or VLBI measurements. There are four such sources in the Gaia sample (PSR J0348+0432, PSR J0437-4715, PSR J1012+5307, and PSR J1024-0719) and half of the MSPs in the VLBI sample (PSR J1012+5307, PSR J2010-1323, and PSR J2317+1439). Therefore, the Gaia or VLBI proper motion measurements are more precise than or comparable to the timing measurement for the majority of the pulsars. In addition, in the comparison of the celestial frames for which the systematics are concerned, it is preferable to use the Gaia or VLBI proper motions that are estimated simultaneously with reference positions in the astrometric solutions for position propagation, even if the timing proper motions are more precise than those of Gaia or VLBI in terms of the random error.
4.3 Future prospects
Since there are likely to be several tens of pulsars in the Gaia and VLBI catalogs, a natural question would be at which level of precision the dynamical-kinematic celestial frame tie could be reached as the sample size increases. We performed a covariance analysis to address this question. We first assumed that the precision of the timing positions (either in right ascension or declination) for all of these pulsars was distributed randomly, that is, following a normal distribution of N(σΡ, σΡ/10), where σΡ is the typical position precision. We assumed σΡ to be 0.3 mas for Gaia and 1.0 mas for VLBI (Table 1). Considering that the achievable timing position precision strongly depends on the type of pulsar, it was assumed to be 0.2 mas for MSPs (e.g., Reardon et al. 2021) and 10 mas for non-MSPs (e.g., Parthasarathy et al. 2019). In addition, we assumed that the epochs of pulsar positions measured by Gaia, VLBI, and timing are identical. Then we used these simulated position uncertainties, together with the actual positions of a certain number of pulsars (MSPs or non-MSPs) randomly taken from the ATNF catalog to construct the normal matrix for determining the rotation parameters in Eq. (6). The covariance matrix of the rotation parameter estimates was the inversion of the normal matrix assuming the posterior reduced χ2 to be unity, from which we obtained the uncertainty in the rotation parameter estimation. This procedure was repeated 1000 times. We took the mean values of the uncertainties in each axis and adopted their root-sum-squared as the final estimate of the precision of the frame tie.
Figure 15 illustrates the potential alignment precision between the dynamical and kinematic frames via pulsars in our simulation. A sub-mas frame tie can be easily achieved with more than five MSPs, but more than 500 non-MSPs are needed, suggesting that it would be preferable to focus on the MSPs only to improve the frame tie. We found that the alignment precision between the timing and VLBI frames was limited to 0.3 mas, which is not found in the case between the Gaia and timing frames. This may support the claim in Wang et al. (2017) that the main contributor to the error budget for the frame tie between timing and VLBI frames comes from the VLBI. We note that we only used two pulsars in the MSPSRπ project; hence, our results are far from what can be expected from the full potential of the MSPSRπ project. The pulsar absolute VLBI position in the MSPSRπ project would be much improved with more precise positions of calibrators and the modeling of the core shift effect (Deller et al. 2019), which should reduce the noise floor in the frame tie seen in Fig. 15.
On the other hand, this situation could also, in principle, be improved if the Gaia positions are used instead. As suggested by the simulation, the alignment precision could reach 0.2 mas with a sample of 15 MSPs with timing precision of 0.2 mas, surpassing the current precision of the frame tie between DE440/DE441 and ICRF3 (Park et al. 2021). However, these statements are too optimistic considering the fact that most precisely timed MSPs are too faint to be observed by Gaia. A possible way to improve the frame-tie precision based on Gaia pulsars might be to use deeper and more accurate optical observations of the companions in the binary MSP systems using Gaia sources as the reference, for instance, using the Vera C. Rubin Large Synoptic Survey Telescope (Ivezić et al. 2019).
	[image: thumbnail]	Fig. 15 Simulated alignment precision of the ephemeris frame onto the Gaia and VLBI reference frames as a function of the number of pulsars (blue filled circles for Gaia MSPs, blue filled squares for VLBI MSPs, red inverted triangles for Gaia non-MSPs, and red filled triangles for VLBI non-MSPs). The X-axis at the bottom corresponds to the number of MSPs, while the X-axis at the top corresponds to the number of non-MSPs.



5 Summary
For the first time, we compared the timing reference frame with the Gaia celestial reference frame, complementary to the comparison between the timing and VLBI reference frames. We identified 49 counterparts of pulsars in Gaia DR3, among which 33 pulsars have published timing solutions. We also used 62 VLBI counterparts in the PSRπ and MPSRπ data archives, all with timing positions available. Based on the offsets of the timing position with respect to the Gaia and VLBI positions, we estimated the rotation between the ephemeris frames and the Gaia and VLBI frames.
We found orientation offsets of ~10 mas in the DE200 frame relative to both the Gaia and VLBI celestial frames. We note that our results strongly depend on the subset used in the comparison: the results using the non-MSP sample generally differ from those based on the MSP sample, especially for Gaia pulsars. This suggests that our results might be biased due to several limitations and error sources (as discussed in Sect. 4.2) and thus they should be used with caution. We also learned that the comparison of literature timing results to VLBI and/or Gaia astrometry has significant limitations in its ability to measure frame rotation. A successful measurement of frame rotation would require careful sample selection and dedicated reanalysis of timing data using modern approaches and with each Solar System ephemeris of interest.
Since many pulsars in the Gaia DR3 do not have a timing solution and those with available timing positions were mostly observed more than a decade ago, the alignment between the timing and Gaia celestial frames cannot be achieved better than 1 mas. The median timing positional uncertainty for Gaia MSPs is 2.3 mas, which is much worse than what can be achieved for a typical MSP. Therefore, we anticipate that Gaia pulsars, especially MSPs, can be observed in more timing experiments to improve the timing measurement of their positions, which should benefit both the astrophysical and astrometric applications of timing observations.
For the VLBI pulsars, although we used the preliminary results of the PSRπ project and only included the VLBI solutions for two pulsars from the MSPSRπ project, the best-achieved alignment precision in a single axis is approaching the current alignment accuracy of DE440. As a result, it is quite promising that the outcome of the PSRπ and MSPSRπ projects will play an important role in bridging the ephemeris and extragalactic frames.
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Appendix A  Information for Gaia pulsar sample
Table A.1 tabulates basic information for 49 pulsars found in Gaia DR3.
Table A.1 
Information for the 49 pulsars found in Gaia DR3.


Appendix B  Comparison of pulsar proper motion and parallax
Figure B.1 compares the parallax measurements from timing, VLBI, and Gaia, while the comparisons of timing proper motions to those of Gaia and VLBI are displayed in Fig. B.2 and Fig. B.3, respectively.
	[image: thumbnail]	Fig. B.1 Comparison of parallaxes from timing, VLBI, and Gaia measurements. Top: Timing versus Gaia. Bottom: Timing versus VLBI. The error bars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. There are four pulsars with 20 timing parallax measurements for the Gaia pulsar sample and five pulsars, but with 25 timing parallax measurements for the VLBI pulsar sample. Different markers are used to distinguish the ephemerides used in the timing solution, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, and red filled circles for DE436.



	[image: thumbnail]	Fig. B.2 Comparison of proper motions from timing and Gaia measurements for 11 pulsars in common. Top: Right ascension. Bottom: Declination. The error bars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. Different marks are used to distinguish pulsars whose timing solutions were referred to different ephermerides, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, yellow filled squares for DE430, and red filled circles for DE436.



	[image: thumbnail]	Fig. B.3 Comparison of proper motions from timing and VLBI measurements. Top left: Right ascension. Top right: Declination. Bottom left: Right ascension (zoom-in). Bottom right: Declination (zoom-in). The errorbars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. Different marks are used to distinguish pulsars whose timing solutions were referred to different ephermerides, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, yellow filled squares for DE430, and red filled circles for DE436.
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	[image: thumbnail]	Fig. 1 Formal uncertainty of the timing positions in right ascension (top) and declination (bottom) quoted from the literature as a function of their position epochs. The measurements are distinguished by the reference ephemerides, that is, blue open triangles for DE200, green crosses for DE405, purple open inverted triangles for DE421, yellow open squares for DE430, red open circles for DE436, and black filled circles for other ephemerides.
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	[image: thumbnail]	Fig. 2 All-sky distribution of pulsars used in this work in the equatorial coordinate system. Top: pulsars in Gaia DR3. Bottom: pulsars in the PSRπ and MSPSRπ projects. Different marks are used to distinguish pulsars whose timing solutions refer to different ephermerides, that is, blue open triangles for DE200, green open stars for DE405, purple open inverted triangles for DE421, yellow open squares for DE430, and red open circles for DE436. The dotted curves indicate the location of the ecliptic plane.
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	[image: thumbnail]	Fig. 3 Positional differences between timing positions in the DE200 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
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	[image: thumbnail]	Fig. 4 Positional differences between timing positions in the DE405 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
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	[image: thumbnail]	Fig. 5 Positional differences between timing positions in the DE421 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
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	[image: thumbnail]	Fig. 6 Positional differences between timing positions in the DE430 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
In the text



	[image: thumbnail]	Fig. 7 Positional differences between timing positions in the DE436 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
In the text



	[image: thumbnail]	Fig. 8 Orientation offsets of DE200 (top), DE405 (middle), and DE421 (bottom) frames referred to the Gaia-CRF3 as a function of the number of iterations. The prefit and postfit reduced chi-squared for the whole sample are also plotted with reference to the vertical axis on the right.
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	[image: thumbnail]	Fig. 9 Positional differences between timing positions in the DE200 frame and the VLBI positions taken from the PSRπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)-(5), corresponding to a confidence level of 68%.
In the text



	[image: thumbnail]	Fig. 10 Positional differences between timing positions in the DE405 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
In the text



	[image: thumbnail]	Fig. 11 Positional differences between timing positions in the DE421 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
In the text



	[image: thumbnail]	Fig. 12 Positional differences between timing positions in the DE430 frame and the VLBI positions taken from the PSRπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)-(5), corresponding to a confidence level of 68%.
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	[image: thumbnail]	Fig. 13 Positional differences between timing positions in the DE436 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.
In the text



	[image: thumbnail]	Fig. 14 Orientation offsets of DE200 (top left), DE405 (top right), DE421 (bottom left), and DE430 (bottom right) frames referred to the VLBI celestial frame as a function of the number of iterations. The prefit and postfit reduced chi-squared for the whole sample are also plotted with reference to the vertical axis on the right.
In the text



	[image: thumbnail]	Fig. 15 Simulated alignment precision of the ephemeris frame onto the Gaia and VLBI reference frames as a function of the number of pulsars (blue filled circles for Gaia MSPs, blue filled squares for VLBI MSPs, red inverted triangles for Gaia non-MSPs, and red filled triangles for VLBI non-MSPs). The X-axis at the bottom corresponds to the number of MSPs, while the X-axis at the top corresponds to the number of non-MSPs.
In the text



	[image: thumbnail]	Fig. B.1 Comparison of parallaxes from timing, VLBI, and Gaia measurements. Top: Timing versus Gaia. Bottom: Timing versus VLBI. The error bars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. There are four pulsars with 20 timing parallax measurements for the Gaia pulsar sample and five pulsars, but with 25 timing parallax measurements for the VLBI pulsar sample. Different markers are used to distinguish the ephemerides used in the timing solution, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, and red filled circles for DE436.
In the text



	[image: thumbnail]	Fig. B.2 Comparison of proper motions from timing and Gaia measurements for 11 pulsars in common. Top: Right ascension. Bottom: Declination. The error bars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. Different marks are used to distinguish pulsars whose timing solutions were referred to different ephermerides, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, yellow filled squares for DE430, and red filled circles for DE436.
In the text



	[image: thumbnail]	Fig. B.3 Comparison of proper motions from timing and VLBI measurements. Top left: Right ascension. Top right: Declination. Bottom left: Right ascension (zoom-in). Bottom right: Declination (zoom-in). The errorbars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. Different marks are used to distinguish pulsars whose timing solutions were referred to different ephermerides, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, yellow filled squares for DE430, and red filled circles for DE436.
In the text
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      Table 1 

      Overview of pulsar positions measured by timing, VLBI, and Gaia.

      
        


	CRF
	Subset
	Epoch
	NPSR
	Nobs
	[image: equation]
	σδ
	σpos,max
	σϖ
	[image: equation]
	σμ,δ
	References



	
	
	(yr)
	
	
	(mas)
	(mas)
	(mas)
	(mas)
	(mas yr−1)
	(mas yr−1)
	





	DE200
	All
	1994.1
	75
	142
	75
	120
	173
	5
	8
	13
	1-23



	
	MSP
	1996.9
	10
	20
	2.8
	4.5
	5.0
	5.0
	0.7
	1.4
	



	
	Non-MSP
	1993.5
	65
	122
	99
	165
	194
	…(a)
	15
	22
	



	 
	




	DE405
	All
	2004.0
	23
	26
	52
	90
	127
	0.50
	0.15
	0.30
	24-34



	
	MSP
	2004.3
	20
	13
	2.5
	3.0
	4.7
	0.50
	0.15
	0.30
	



	
	Non-MSP
	2002.3
	13
	13
	749
	200
	1075
	…(a)
	…(a)
	…(a)
	



	 
	




	DE421
	All
	2009.5
	35
	55
	1.0
	3.0
	3.1
	0.20
	0.19
	0.44
	26, 35-51



	
	MSP
	2009.5
	15
	33
	0.16
	0.50
	0.59
	0.20
	0.08
	0.17
	



	
	Non-MSP
	2010.4
	20
	22
	41
	65
	76
	…(a)
	9.0
	18.5
	



	 
	




	DE430
	All
	2016.6
	27
	42
	77
	186
	225
	0.23
	2.0
	3.0
	26,52-53



	
	MSP
	2016.6
	4
	5
	3.0
	7.0
	7.6
	0.23
	0.06
	0.13
	



	
	Non-MSP
	2016.6
	23
	37
	86
	200
	237
	…(a)
	3.0
	4.5
	



	 
	




	DE436(b)
	All (MSP)
	2009.9
	8
	16
	0.09
	0.20
	0.23
	0.14
	0.03
	0.07
	54-56



	




	Gaia
	All
	2016.0
	49
	49
	0.16
	0.18
	0.22
	0.23
	0.22
	0.23
	57



	
	MSP
	2016.0
	27
	27
	0.18
	0.19
	0.27
	0.25
	0.24
	0.24
	



	
	Non-MSP
	2016.0
	22
	22
	0.14
	0.14
	0.20
	0.15
	0.20
	0.17
	



	 
	




	VLBI
	All
	2012.2
	62
	62
	1.4
	1.0
	1.8
	0.06
	0.09
	0.12
	58-61



	
	MSP
	2012.2
	6
	6
	1.5
	1.5
	2.1
	0.08
	0.07
	0.12
	



	
	Non-MSP
	2012.2
	56
	56
	1.4
	1.0
	1.8
	0.05
	0.09
	0.12
	





      

      
Notes. The first two columns give the reference frames to which the astrometric parameters of pulsars are referred and the classification of pulsars. The next three columns tabulate the median position epoch, the number of pulsars, and the number of astrometric measurements for these pulsars (some pulsars have more than one timing measurement). Columns 6–11 display the median formal uncertainty of the astrometric parameter measurements. The last column provides the references for the data. (a)The parallax or proper motion was not measured for this sample. (b)All pulsars in this sample are millisecond pulsars.
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      Table 2 

      Typical ("Med" for median) and best ("Min" for minumin) level of the timing positional precision for pulsars used in this work.

      
        


	Subset
	All
	MSPs
	Non-MSPs



	 
	

	

	




	
	Med (mas)
	Min (mas)
	Med (mas)
	Min (mas)
	Med (mas)
	Min (mas)





	Gaia
	31
	0.005
	2.26
	0.005
	628
	11



	VLBI
	134
	0.074
	0.68
	0.074
	196
	15





      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE200 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE405 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE421 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE430 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE436 frame and Gaia DR3 positions as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Orientation offsets of DE200 (top), DE405 (middle), and DE421 (bottom) frames referred to the Gaia-CRF3 as a function of the number of iterations. The prefit and postfit reduced chi-squared for the whole sample are also plotted with reference to the vertical axis on the right.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE200 frame and the VLBI positions taken from the PSRπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)-(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE405 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE421 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE430 frame and the VLBI positions taken from the PSRπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)-(5), corresponding to a confidence level of 68%.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Positional differences between timing positions in the DE436 frame and the VLBI positions taken from the PSIπ data archive as a function of right ascension (left) and declination (right). Data points for MSPs and non-MSPs are indicated by blue circles and red squares, respectively. The error bars show the associated formal uncertainties calculated from Eqs. (4)–(5), corresponding to a confidence level of 68%.

      

    

  
    
      Table 3 

      Rotation parameters of the ephemeris frames with respect to the Gaia and VLBI celestial reference frames.

      
        


	Ephemeris
	Subset
	NPSR
	Nobs
	R1
	±
	R2
	±
	R3
	±



	
	
	
	
	(mas)
	(mas)
	(mas)
	(mas)
	(mas)
	(mas)





	wrt. Gaia-CRF



	DE200
	All
	10
	11
	9
	11
	−25
	21
	−27
	49



	
	MSP(a)
	3
	4
	8
	10
	−24.9
	5.9
	−26
	14



	
	Non-MSP
	7
	7
	−158
	63
	−402
	29
	−292
	128



	 
	




	DE405
	All
	7
	7
	0.9
	9.5
	−5.4
	9.9
	0.6
	3.1



	
	MSP
	5
	5
	0.9
	4.9
	−5.4
	4.9
	0.7
	3.3



	
	Non-MSP(b)
	2
	2
	…
	…
	…
	…
	…
	…



	 
	




	DE421
	All
	9
	13
	0.7
	0.5
	−3.0
	0.9
	0.1
	1.4



	
	MSP
	7
	11
	0.7
	0.7
	−2.8
	0.6
	0.1
	0.7



	
	Non-MSP(b)
	2
	2
	…
	…
	…
	…
	…
	…



	 
	




	DE430
	All(a)
	4
	5
	29
	30
	79
	78
	−93
	90



	
	MSP(b)
	1
	1
	…
	…
	…
	…
	…
	…



	 
	




	
	Non-MSP(a)
	3
	4
	−148
	186
	−329
	333
	−647
	404



	DE436
	All (MSP)(b)
	2
	3
	…
	…
	…
	…
	…
	…



	




	wrt. VLBI-CRF



	DE200
	All
	55
	106
	−0.1
	5.8
	−6
	15
	−5.9
	5.6



	
	MSP(a)
	4
	9
	−0.9
	1.1
	−13.0
	1.2
	−12.1
	0.6



	
	Non-MSP
	51
	97
	0.9
	6.0
	−3
	17
	−5.0
	4.3



	 
	




	DE405
	All
	11
	12
	−2.7
	6.0
	1.9
	2.1
	2.5
	1.5



	
	MSP(b)
	2
	3
	…
	…
	…
	…
	…
	…



	
	Non-MSP
	9
	9
	−30
	15
	9.5
	8.0
	2
	13



	 
	




	DE421
	All
	21
	31
	−1.1
	0.9
	−0.6
	0.7
	−0.1
	0.4



	
	MSP
	5
	14
	−0.3
	0.9
	−1.2
	0.6
	−0.2
	0.2



	
	Non-MSP
	16
	17
	−9.0
	9.5
	−2.3
	1.6
	−0.4
	5.5



	 
	




	DE430
	All
	18
	28
	4.8
	9.0
	17
	15
	−0.3
	3.2



	
	MSP(b)
	1
	2
	…
	…
	…
	…
	…
	…



	
	Non-MSP
	17
	26
	6
	11
	9
	11
	1.8
	1.0



	 
	




	DE436
	All (MSP)(a)
	4
	9
	−2.1
	0.5
	0.3
	0.5
	0.7
	0.4



	




	wrt. combined Gaia/VLBI-CRF



	DE200
	All
	64
	117
	−0.4
	5.4
	−6
	16
	−6.3
	5.4



	
	MSP
	6
	13
	1.8
	9.2
	−16.4
	7.2
	−14.5
	3.7



	
	Non-MSP
	58
	104
	0.6
	6.1
	−5
	17
	−5.3
	4.8



	 
	




	DE405
	All
	17
	19
	−0.8
	1.0
	0.2
	1.1
	0.1
	1.4



	
	MSP
	6
	8
	−0.7
	0.8
	−0.3
	2.0
	0.9
	1.1



	
	Non-MSP
	11
	11
	−36
	13
	5.0
	5.1
	−40
	132



	 
	




	DE421
	All
	29
	44
	−0.5
	0.6
	−0.9
	0.6
	−0.1
	0.4



	
	MSP
	11
	25
	−0.4
	0.6
	−1.2
	0.5
	−0.1
	0.4



	
	Non-MSP
	18
	19
	−4
	12
	−4
	12
	−0.4
	5.4



	 
	




	DE430
	All
	22
	33
	1.4
	4.6
	4.5
	7.0
	−2.9
	3.8



	
	MSP(b)
	2
	3
	…
	…
	…
	…
	…
	…



	
	Non-MSP
	20
	30
	7
	11
	12
	21
	1.2
	3.1



	 
	




	DE436
	All (MSP)
	5
	12
	−1.3
	1.4
	−0.5
	0.9
	0.4
	0.2





      

      
Notes. The first two columns display the ephemeris name and the subset, followed by the number of pulsars and the number of astrometric timing measurements used in the least-squares fitting. Columns 5–10 tabulate the estimates of rotation parameters and the corresponding uncertainties (see Sect. 2.3 for details). (a)The rotation parameters were obtained from a single least-squares fitting for this sample. (b)The number of pulsars in this sample is so small (less than three) that the corresponding rotation parameters were not estimated.




    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Orientation offsets of DE200 (top left), DE405 (top right), DE421 (bottom left), and DE430 (bottom right) frames referred to the VLBI celestial frame as a function of the number of iterations. The prefit and postfit reduced chi-squared for the whole sample are also plotted with reference to the vertical axis on the right.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Simulated alignment precision of the ephemeris frame onto the Gaia and VLBI reference frames as a function of the number of pulsars (blue filled circles for Gaia MSPs, blue filled squares for VLBI MSPs, red inverted triangles for Gaia non-MSPs, and red filled triangles for VLBI non-MSPs). The X-axis at the bottom corresponds to the number of MSPs, while the X-axis at the top corresponds to the number of non-MSPs.

      

    

  
    
      Table A.1 

      Information for the 49 pulsars found in Gaia DR3.

      
        


	PSR
	source_id
	θ (″)
	[image: equation] (mas)
	σδ,A (mas)
	[image: equation] (mas)
	σδ,G (mas)
	Ps (s)
	Pb (d)
	G (mag)
	Origin





	J0045−7319
	4685849525145183232
	0.510
	301
	200
	0.038
	0.038
	0.926
	51.17
	16.20
	Timing



	J0337+1715
	44308738051547264
	0.090
	2
	2
	0.136
	0.141
	0.003
	1.63
	18.05
	VLBA



	J0348+0432
	3273288485744249344
	0.040
	0.1
	0.2
	0.696
	0.646
	0.039
	0.10
	20.59
	Timing



	J0437−4715
	4789864076732331648
	1.136
	0.006
	0.007
	0.459
	0.516
	0.006
	5.74
	20.35
	Timing



	J0534+2200
	3403818172572314624
	0.367
	70
	60
	0.073
	0.061
	0.033
	
	16.53
	Optical



	J0534−6703
	4660152083015919872
	0.517
	585
	800
	0.155
	0.154
	1.818
	
	18.86
	Timing



	J0540−6919
	4657672890443808512
	0.030
	50
	50
	1.205
	1.320
	0.051
	
	20.77
	HST



	J0614+2229
	3376990741688176384
	0.406
	1
	1
	0.544
	0.535
	0.335
	
	19.62
	VLBA



	J0857−4424
	5331775184393659264
	0.541
	21
	20
	0.205
	0.205
	0.327
	
	18.39
	Timing



	J1012+5307
	851610861391010944
	0.287
	0.01
	0.14
	0.204
	0.204
	0.005
	0.60
	19.59
	Timing



	J1023+0038
	3831382647922429952
	0.167
	0.5
	0.5
	0.058
	0.055
	0.002
	0.20
	16.23
	VLBA



	J1024−0719
	3775277872387310208
	0.624
	0.05
	0.11
	0.254
	0.256
	0.005
	
	19.15
	Timing



	J1036−8317
	5192229742737133696
	0.346
	5
	40
	0.131
	0.123
	0.003
	0.34
	18.57
	4FGL-DR3



	J1048+2339
	3990037124929068032
	0.276
	1.0
	2.0
	0.307
	0.380
	0.005
	0.25
	19.59
	Timing



	J1227−4853
	6128369984328414336
	0.248
	10
	3
	0.097
	0.061
	0.002
	0.29
	18.07
	Timing



	J1302−6350
	5862299960127967488
	0.106
	0.08
	0.08
	0.009
	0.010
	0.048
	1236.72
	9.63
	VLBA



	J1305−6455
	5858993350772345984
	0.480
	127
	100
	0.027
	0.028
	0.572
	
	16.04
	Timing



	J1306−4035
	6140785016794586752
	0.274
	228
	200
	0.130
	0.109
	0.002
	1.10
	18.09
	USNO-B1



	J1311−3430
	6179115508262195200
	0.084
	2
	4
	1.144
	0.626
	0.003
	0.07
	20.44
	Timing



	J1417−4402
	6096705840454620800
	0.304
	970
	900
	0.040
	0.033
	0.003
	5.37
	15.77
	1FGL



	J1431−1715
	6098156298150016768
	0.223
	2
	4
	0.082
	0.107
	0.002
	0.45
	17.73
	Timing



	J1435−6100
	5878387705005976832
	0.412
	4
	7
	0.125
	0.178
	0.009
	1.35
	18.92
	Timing



	J1509−6015
	5876497399692841088
	0.199
	744
	600
	0.074
	0.080
	0.339
	
	17.76
	Timing



	J1542−5133
	5886184887428050048
	0.326
	1212
	30
	0.210
	0.187
	1.784
	
	19.03
	Timing



	J1546−5302
	5885808648276626304
	0.558
	902
	900
	17.726
	5.101
	0.581
	
	21.11
	Timing



	J1622−0315
	4358428942492430336
	0.187
	4
	7
	0.248
	0.187
	0.004
	0.16
	19.21
	3FGL



	J1624−4411
	5992089027071540352
	0.303
	194
	500
	0.404
	0.276
	0.233
	
	19.88
	Timing



	J1624−4721
	5941843098026132608
	0.310
	813
	20
	0.876
	0.441
	0.449
	
	20.39
	Timing



	J1653−0158
	4379227476242700928
	0.273
	0.8
	0.5
	0.632
	0.353
	0.002
	0.05
	20.45
	Gaia DR2



	J1723−2837
	4059795674516044800
	0.115
	11
	110
	0.035
	0.025
	0.002
	0.62
	15.54
	Timing



	J1810+1744
	4526229058440076288
	0.048
	143
	70
	0.379
	0.441
	0.002
	0.15
	20.00
	Optical



	J1816+4510
	2115337192179377792
	0.056
	0.7
	0.8
	0.094
	0.096
	0.003
	0.36
	18.20
	Timing



	J1817−3618
	4038146565444090240
	0.418
	109
	300
	0.106
	0.106
	0.387
	
	17.62
	Timing



	J1839−0905
	4155609699080401920
	0.165
	444
	800
	0.049
	0.045
	0.419
	
	16.51
	Timing



	J1851+1259
	4504706118346043392
	0.332
	89
	150
	0.818
	1.030
	1.205
	
	20.50
	Timing



	J1852+0040
	4266508881354196736
	0.538
	600
	600
	0.638
	0.778
	0.105
	
	20.21
	



	J1903−0258
	4261581076409458304
	0.390
	165
	700
	0.243
	0.245
	0.301
	
	18.93
	Timing



	J1928+1245
	4316237348443952128
	0.164
	1
	3
	0.113
	0.133
	0.003
	0.14
	18.23
	Timing



	J1946+2052
	1825839908094612992
	0.363
	84
	90
	0.291
	0.319
	0.017
	0.08
	19.86
	VLA



	J1955+2908
	2028584968839606784
	0.115
	0.10
	0.11
	0.102
	0.137
	0.006
	117.35
	18.70
	Timing



	J1957+2516
	1834595731470345472
	0.180
	4
	3
	0.357
	0.659
	0.004
	0.24
	20.28
	Timing



	J1958+2846
	2030000280820200960
	0.429
	394
	10
	0.157
	0.212
	0.290
	
	19.34
	Timing



	J1959+2048
	1823773960079216896
	0.239
	0.7
	0.6
	0.635
	0.703
	0.002
	0.38
	20.17
	Timing



	J2027+4557
	2071054503122390144
	0.271
	31
	40
	0.023
	0.025
	1.100
	
	15.71
	Timing



	J2032+4127
	2067835682818358400
	0.074
	22
	90
	0.012
	0.015
	0.143
	16835.00
	11.28
	Timing



	J2039−5617
	6469722508861870080
	0.242
	1
	1
	0.125
	0.102
	0.003
	0.23
	18.52
	Gaia DR2



	J2129−0429
	2672030065446134656
	1.389
	15
	80
	0.060
	0.055
	0.008
	0.64
	16.82
	Timing



	J2215+5135
	2001168543319218048
	0.062
	4
	13
	0.176
	0.200
	0.003
	0.17
	19.20
	Fermi



	J2339−0533
	2440660623886405504
	0.212
	149
	30
	0.159
	0.140
	0.003
	0.19
	18.79
	Optical





      

      
Notes. The columns are pulsar names, Gaia DR3 identifiers, the angular separation between the ATNF and Gaia EDR3 positions, formal uncertainties of the ATNF and Gaia DR3 positions, spin period, orbital period (the sign of "…" means an isolated pulsar), Gaia DR3 G magnitude, and techniques or instruments for deriving the positions quoted in ATNF.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Comparison of parallaxes from timing, VLBI, and Gaia measurements. Top: Timing versus Gaia. Bottom: Timing versus VLBI. The error bars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. There are four pulsars with 20 timing parallax measurements for the Gaia pulsar sample and five pulsars, but with 25 timing parallax measurements for the VLBI pulsar sample. Different markers are used to distinguish the ephemerides used in the timing solution, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, and red filled circles for DE436.

      

    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        Comparison of proper motions from timing and Gaia measurements for 11 pulsars in common. Top: Right ascension. Bottom: Declination. The error bars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. Different marks are used to distinguish pulsars whose timing solutions were referred to different ephermerides, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, yellow filled squares for DE430, and red filled circles for DE436.

      

    

  
    
      Fig. B.3 

      
        [image: thumbnail]
      

      
        Comparison of proper motions from timing and VLBI measurements. Top left: Right ascension. Top right: Declination. Bottom left: Right ascension (zoom-in). Bottom right: Declination (zoom-in). The errorbars represent the formal uncertainties quoted from the published data, usually corresponding to a confidence level of 68%. Different marks are used to distinguish pulsars whose timing solutions were referred to different ephermerides, that is, blue filled triangles for DE200, green crosses for DE405, purple filled inverted triangles for DE421, yellow filled squares for DE430, and red filled circles for DE436.
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